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Introduction
The rapid progresses in electronics and increasing public awareness of environmental issues have recently been putting more pressure on clean sustainable energy sources. Thus, achieving the goals of non-or less toxic and more environmentally friendly materials as electrodes for energy storage devices has become mandatory if clean renewable technologies are to be developed for the future [1] [2] [3] . In this respect, the concept of all-polymer based batteries and supercapacitors, which was introduced almost three decades ago [4] , has recently gained a renewed interest mainly due to the possibilities of manufacturing flexible and safe energy storage devices. The research within this field is currently undergoing an exciting development as new polymers, composites and paper-based devices are being developed [5] . To build an efficient electrochemical device using conducting polymers, three types of systems are usually considered: [6, 7] (i) symmetric p-doped/undoped systems wherein both electrodes are made of identical materials; (ii) asymmetric p-doped/undoped systems wherein the cathode and anode are made of different materials; and (iii) symmetric p-doped/n-doped systems. The p-doped/undoped systems typically give a cell voltage of about 1 V and aqueous electrolytes can be used. For the asymmetric designs cell voltages of up to about 1.5 V are possible to reach [5] . Although most classes of conducting polymers can be switched between an electrically neutral state and an oxidized (p-doped) state, very few polymers can be electrochemically reduced (n-doped). The coupling of an anode and cathode based on the same polymer in the neutral and the p-doped states results in a very small cell potential, and consequently conducting polymers that can only be p-doped are limited for use as cathodes in battery systems. However, by incorporating a large polymeric anion into a polymer film during deposition, a pseudo n-dopable response can be achieved [8] [9] [10] . The low mobility of the trapped anions results in charge compensation for these materials by cation transport and causes a negative shift in the oxidation potential, thus increasing the voltage separation between the reduced form of the polymer/polyanion electrode and the oxidized form of the polymer [11] .
The recent work on the development of conducting polymer-based energy storage devices has involved development of both symmetrical and asymmetrical batteries and supercapacitors.
Although flexible systems have been presented, very few of these [12, 13] however, seen after 60 cycles indicating that the stability of the described system needs to be improved significantly. Similar stability problems were noted when using different functionalized polyerthiophenes (poly (3'-styryl-4,4"-didecyloxyterthiophene) and poly (4,4"-didecyloxyterthiophene)) as anodes versus PPy cathodes [12] . The polymers were in this case electropolymerized on conducting and flexible mesh substrates (stainless steel and Ni/Cu coated polyester, respectively) and the losses of capacity during cycling were ascribed to mechanical degradation of the polymer. A more stable system has been obtained with a claimed all-polymer battery containing a functionalized PTP based anode, a PPy cathode electrode and carbon-fiber mats or Ni/Cu-coated nonwoven polyester current collectors [13] .
The reported discharge capacity was 35.4 mAh g -1 and no loss of capacity was seen after 50 charge and discharge cycles employing a current of 0.05 mA cm -2 . These results are encouraging and represent significant progress toward a flexible polymer-based device.
Nevertheless, most of the reported systems used metal substrate to coat or deposit active materials on it. Obviously, this kind of electrode is not suitable for fully flexible or bendable batteries as active material layers will be cracked or peeled off from the substrate when they are bent frequently. To avoid these drawbacks, mechanically flexible, soft, and free-standing electrode materials are required, indeed. We describe herein a novel system consists of PPy doped with redox-active compounds of para (toluene sulfonic acid) (pTS) ( 
Experimental

Preparation of PPy-pTS free-standing cathode
PPy-pTS films were electrodeposited using the galvanostatic technique at a current density of 3 CN) ). The resultant films were peeled off from the polished stainless steel plate and were dried in a vacuum oven for 24
hours at room temperature. After drying, the prepared flexible free-standing films were cut into 1 cm × 1cm pieces and then transferred to an argon filled glove box.
Preparation of PPy-IC free-standing anode
Polypyrrole films doped with indigo carmine, PPy-IC, were also prepared using the same above mention method at a current density of 0.4 mA cm 
Preparation of gel polymer electrolyte
In a typical procedure, 1g of PVDF-HFP was mixed with 50 ml acetonitrile. 
Instrumental analysis
Conductivity of the free-standing films was tested by Jandel multi-height four-point probes,
connected to a Jandel resistivity test unit, model RM2, located in the Intelligent Polymer
Research Institute (IPRI), University of Wollongong. A constant current of 1 nA was applied to the outer two electrodes and the voltage difference between the two inner electrodes was measured. The morphologies of the films were obtained from field emission scanning electron microscopy (FE-SEM; JEOL JSM-7500FA equipped with energy dispersive X-ray spectroscopy (EDS) and an EDS mapping system). For infrared (IR) spectroscopy, all spectra were measured from 4000 to 500 cm -1 , and the number of scans was typically 10, with a resolution of 2 cm -1 .
Electrochemical measurements
CR 2032 coin-type cells were assembled in an Ar-filled glove box (Mbraun, Unilab, Germany) by stacking a gel polymer electrolyte between the PPy-IC free standing anode and PPy-pTS free standing cathode, as shown in Fig. 2 . In the case of commercial electrolyte, a porous polypropylene separator containing liquid electrolyte was used between both electrodes. The electrolyte used was 1 M LiPF 6 in a 50:50 (v/v) mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC), provided by MERCK KgaA, Germany. Chargedischarge tests were carried out by using a battery testing device (Neware Electronic Co., China) interfaced to a computer with software. The system is capable of switching between charge and discharge automatically according to the pre-set cut-off potentials. The cells were cycled between 0.01-3.0 V with a constant current of 0.05 mA cm 2 . Electrochemical impedance spectroscopy (EIS) was performed using a CHI 660C electrochemistry workstation. The AC amplitude was 5 mV, and the frequency range applied was 100 kHz -0.01 Hz. 
3.
Results and discussion Fig. 3 shows FESEM images of PPy-pTS (Fig.3a) and PPy-IC (Fig. 3b) electrodes illustrating the surface morphology of the free standing films. The morphology of the both films features a cauliflower-like nodule structure composed of microspherical grains, which is related to dopant intercalation in the polymeric chain [18] . The free-standing films can be rolled up (inset of Fig. 3(a) and Fig. 3 (b) ), twisted, or bent to any curvature, and then returned to its original shape, while still maintaining its useful properties. Conductivity of the free-standing films was measured and it was 41.0 Scm -2 for the PPy-pTS with a thickness of 7.0 µm and 7.9×10 -4 Scm -2 for the PPy-IC with a thickness of 4.0 µm, respectively. Polymer batteries using a coin type (CR2032) cells configuration were fabricated and tested.
The batteries consist of 1) a PPy-pTS cathode, a PPy-IC anode and an electrolyte of 1M LiPF 6 in an EC-DMC mixture; and 2) a PPy-pTS cathode, a PPy-IC anode and gel polymer electrolyte of PVDF-HFP were tested. The capacity of the polymer batteries was based on the active mass of the anode. The basis of the polymer battery operation is shown in Scheme 1 [11, 14] . The cathode cycles between the oxidised fully charged conditions of the conducting polymer, in which a charge-compensation anion intercalates to maintain charge neutrality Galvanostatic charging and discharging were used to evaluate the capacity of the system. The cell voltage decreases/increases as the depth of the discharging/charging is increased respectively, which is characteristic of rechargeable batteries. Fig. 4 (a) compares the cycling stabilities of the PPy-pTS/PPy-IC (commercial electrolyte) system at 0.05 mA cm -2 with that of the PPy-pTS/PPy-IC (polymer electrolyte) in the voltage range of 0.01-3.0V, and their corresponding initial discharge-charge voltage profiles are shown in Fig. 4 (b) . The PPypTS/PPy-IC (commercial electrolyte) system shows an initial discharge capacity of 39 mAh g -1 and after 50 cycles, the discharge capacity was measured to be 36 mAh g -1 , which is around 92 % of the initial discharge capacity. In the case of PPy-pTS/PPy-IC (polymer electrolyte) system, the discharge capacity retention was 16 mAh g -1 , which is also 76 % of the intial discharge capacity. However, the capacity degradation rate was calculated only 0.16 and 0.48 %/cycle for the PPy-pTS/PPy-IC (commercial electrolyte) and PPy-pTS/PPy-IC (polymer electrolyte) system, respectively, confirming stable cycling performance of the both systems. The cyclic voltammograms of PPy-pTS/PPy-IC (commercial electrolyte) (Fig. 4 (c)) and PPy-pTS/PPy-IC (polymer electrolyte) ( (Fig. 4 (b) ).
Compared with PPy-pTS/PPy-IC (commercial electrolyte), the major redox peak of Py-pTS/PPy-IC (polymer electrolyte) are slightly shifted, which may be due to the effect of polymer electrolyte. The good cycling response for the both systems is well supported by the FESEM micrographs of the cycled films of PPy-pTS/PPy-IC (commercial electrolyte) and PPy-pTS/PPy-IC (polymer electrolyte) systems are shown in Fig. 6 . From this FESEM observation, it is clearly seen that the cathode and anode films for the both systems maintain excellent structural integrity (devoid of any cracks) even after 50 charge-discharge cycles (compares Fig. 6 with Fig.3 ). Moreover, there appears to be no significant change in a cauliflower-like structure composed of microspherical grains and the size of the nodules after cycling, which indicates no new surfaces generated during cycling. The excellent structural integrity of the films is expected to arise may be due to more homogeneous distribution of anions (dopants) in a molecular level which increase the structural stability and mechanical strength of PPy matrix [19] . 
Conclusions
In conclusion, PPy-pTS and PPy-IC films have been successfully prepared via electropolymerization using the galvanostatic technique. The morphology of the films features a cauliflower-like structure composed of microspherical grains, which could be related to dopant intercalation in the polymeric chain. The films are mechanically robust, lightweight, and flexible. It can be molded into various shapes and its thin sheets can be rolled to make very compact energy storage devices. We believe that the concept presented here, the molecular-level incorporation of electroactive molecules into conducting polymers, can provide a spectrum of materials useful for energy storage devices. The present battery system holds great promise for applications in areas of roll-up displays, medical devices, wearable displays, embedded health monitoring devices and wearable military devices.
